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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a pre-processed workpiece having a surface deposition of 
absorber dye for the express purpose of being consumed in future welding process. More 
particularly, it relates to the mechanical and chemical characteristics of the workpiece that are 
designed and engineered for exceptional energy conversion efficiency during irradiation. 

2. Description of the prior art 

Joining plastic parts by through transmission laser welding in known, for example, from 
US Patent 5,893,959. US Patent 5,893,959 utilizes pigments to increase the absorption 
properties along the welding zone. However, since the disclosed pigments survive the welding 
process, they unfavorably affect the appearance of the joint. The patent compensates for reduced 
aesthetics by incorporating the pigment into the entirety of both upper and lower substrates to 
render them opaque, both before and after joining. The upper substrate is described as having a 
concentration of pigment throughout of less than 1% that provides a transmission of greater than 
60% at the welding laser wavelength. The lower substrate receives a pigment concentration of 
between 1 - 2 % resulting in a negligible transmission. 

Accordingly, it would be desirable to define the range of design criteria and engineering 
characteristics of a weldable workpiece that can: provide minimal occlusion at the joint, and 
may further include visual, even optical, clarity at the joint; selectively deposit absorber dye only 
onto the welding zone to eliminate absorber-induced occlusion throughout the remainder of the 
ensemble; incorporate dyes in such a way that they will undergo decomposition into inert, 
soluble, invisible by-products; utilize absorber dyes which primarily effect transmission at the 
welding wavelength; utilize absorber dyes that minimally effect transmission at wavelengths 
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numerically spaced from the welding wavelength; utilize absorber dyes that minimally effect 
transmission within the visible spectrum; and in certain embodiments, have no effect or even 
beneficial transmission effects within the visible spectrum. 

The relationship between applications utilizing carbon black pigmentation and absorber 
dyes is discussed as a function of line energy in the Russek article entitled "Laser Beam Welding 
of Polymers with High Power Diode Lasers: Joining Innovation for Micro and Macro 
Technologies". The article proposes three dimensional, volumetric thermodynamic process 
modeling to address concerns in gap bridging during welding. A significant drawback of such 
approach is that the weld must be completed and cross-sectioned to obtain the energy density 
distribution, as shown in Fig. 6. Russek does not suggest the dye density on a single workpiece, 
nor does it suggest the range of energy per surface area that will correspond to the inherent 
capacity of the surface dye deposition. The published PCT application bearing International 
Application Number PCT/GB99/03241, discloses a process for welding parts having an infrared 
absorber dye sandwiched therebetween. 
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SUMMARY OF THE INVENTION 

Accordingly, it would be desirable to determine the basic requirements to prepare a 
polymer workpiece so that is can be flexibly welded to another freely-selectable mating part. 

It is therefore an object of the present invention to set forth the minimum mechanical and 
5 chemical requirements for such a polymer workpiece. 

It is another object of the present invention to set forth the optical transmission properties 
of such workpiece under ideal conditions. 

It is a further object of the present invention to set forth the method of forming an 
O electromagnetic radiation energy director on the workpiece. 

I© These and other related objects are achieved according to the invention by a first 

Jrj embodiment thereof, relating to the mechanical and chemical requirements for the workpiece. 

A weldable workpiece having at least its surface made from a first polymer which softens 
ll\ on heating adapted for fusing to a material which softens on heating and is freely-selectable from 
yi a second polymer which is the same or similar to the first polymer or a different polymer which 
IS is at least locally mutually miscible with the surface of the first polymer, wherein the first 

polymer and the freely-selectable second polymer have overlapping melting temperature ranges. 
The workpiece has a surface extending across a bulk portion. An absorber dye possessing both 
strong absorption and a high extinction coefficient at a welding wavelength of a radiant energy 
source is deposited on or above the surface thereby defining a welding zone via a vehicle having 
20 necessary viscosity and which avoids undue interference with or occlusion of the welding zone. 
The deposition comprising a generally uniform density of about 5 to about 3000 nanograms of 
dye per mm 2 to provide predictable and consistent heating thereby rendering the workpiece 
weld-enabled. The welding zone has the capacity to convert inbound radiant energy at the 
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welding wavelength over about 0.1 J/mm 2 into thermal energy via vibronic relaxation 
immediately followed by exothermic decomposition of at least a portion of the dye into inert, 
invisible by-products, the combination of which being capable of delivering (i) a first quantity of 
thermal energy directed in the direction of the bulk portion to elevate the surface into the melting 
5 temperature range ofthe surface and (ii) an approximately equal quantity of thermal energy 
directed in the opposite direction away from the bulk portion. The dye, the vehicle, the by- 
products, and the surface of the first polymer are mutually miscible. The workpiece, and any 
film, may be made from a thermoplastic polymer. The dye may be a visible light absorbing dye, 
a near infrared absorbing dye, an infrared absorbing dye, or combinations thereof. If the vehicle 
f | is a liquid solvent it must be capable of dissolving the absorber dye to provide uniform surface 
p| density. If the liquid vehicle delivers absorber dye below the surface, it should be to a depth 

sc.. 

: sufficiently small to avoid foaming during welding. In liquid solvents, the absorber dye is 
M= present in a concentration of about 1X10 to about 1 X 10" 4 grams per milliliter to deliver dye 
U1 within the stated surface deposition density range following solvent evaporation, 
f I These and other related objects are achieved according to the invention by a second 

embodiment thereof, relating to the optical properties ofthe workpiece. 

A transmission-enhancing formulation disposed between a first reflective surface of a 
first radiant energy-transmissive workpiece having a first bulk portion and a second reflective 
surface of a second workpiece having a second bulk portion. Both reflective surfaces are made 
20 of a polymer material which softens on heating, wherein the transmission at a welding 

wavelength of a radiant energy source along an optical path through the formulation and the bulk 
portions and the reflective surfaces is lower than the optical transmission through just the bulk 
portions and the reflective surfaces only. The first and second reflective surfaces are made of 
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polymers having overlapping melting temperature ranges. The transmission-enhancing 
formulation includes a material system containing a radiant energy absorbing dye having an 
absorption band matched to the welding wavelength of the radiant energy source. The material 
system is capable of directing the lower optical transmission attributable to the formulation into 
5 thermal energy via successive electronic-to-thermal and chemical-to-thermal conversion 

activities, wherein the thermal energy is transferable into the reflective surfaces disposed within 
the same optical path as the material system. The thermal energy transfer is capable of welding 
the transmission-reducing reflective surfaces together into a transmission-enhancing region 
D having the bulk portions optically fused together. 

f 0 The transmission-enhanced region exhibits an optical transmission within the visible 

%■ spectrum greater than the transmission through both portions and both reflective surfaces only. 

01 

5 The transmission-enhanced region exhibits an optical transmission at selected wavelengths 
U within the visible spectrum of about 1 0% more than, or 1 . 1 times greater than, the transmission 
Ul through both portions and both reflective surfaces only. 

M The transmission-enhanced region exhibits a photopic transmission of about 1 0% more 

than, or 1.1 times greater than, the photopic transmission through both portions and both 
reflective surfaces only. The optical transmission along the optical path through the formulation 
is about 10% lower than, or 0.9 time less than, the optical transmission through the bulk portions 
and the reflective surfaces. The material system is mutually miscible with the reflective surfaces 

20 to avoid occluding the transmission-enhancing region. The mutual miscibility is measured by 
numerical proximity of the Hansen solubility parameters of the dye, the vehicle, the by-products 
and the reflective surfaces. The numerically proximate Hansen solubility factors provide 
minimal occlusion of the optical transmission within the transmission-enhancing region. 
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These and other related objects are achieved according to the invention by a third 
embodiment thereof, relating to the formation of a radiant energy director on the workpiece. 

A method of preprocessing a workpiece made from a first polymer for the exclusive 
purpose of preparing it for a high-efficiency through transmission radiant energy welding 
5 operation fusing the workpiece to a mating panel made from a material which softens on heating 
and is freely selectable from a second polymer which is the same or similar to the first polymer 
or a different polymer which is at least locally miscible with the surface of the first polymer. 
g The polymers have overlapping melting temperature ranges. In a first step, a radiant energy 

director is formed as a substantially laminar welding zone. Formation includes the steps of (i) 
IQ selecting a first polymer which softens on heating and includes a bulk portion and a surface 
p extending across the bulk portion, (ii) selecting a dye possessing both strong absorption and a 
1 ex ti nction coefficient at a welding wavelength of a radiant energy source, (iii) selecting a 

H" dye vehicle with sufficient viscosity to define the edge of the welding zone and avoid undue 
JL| interference with the welding operation or occlusion of the ultimately fused portion, and (iv) 
I S depositing, via the dye vehicle, between 5 and 3000 nanograms of dye per mm 2 on or above the 
workpiece surface. The radiant energy director has the capacity to undergo electronic, chemical 
and mechanical transformations during the welding operation according to the following steps of 
(1) converting inbound radiant energy at said welding wavelength over about 0.1 Joule/mm 2 into 
thermal energy via vibronic relaxation, (2) exothermically decomposing at least a portion of said 
20 dye into inert, invisible by-products immediately following said converting step, and (3) during 
said converting and decomposing steps, delivering a first quantity of energy into the bulk portion 
to elevate the surface into the melting temperature range of the first polymer and delivering an 
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approximately equal second quantity of energy in the opposite direction away from the bulk 
portion. 

Other objects and features of the present invention will become apparent from the 
following detailed description considered in conjunction with the accompanying drawings. It is to 
be understood, however, that the drawings are designed solely for purposes of illustration and not as 
a definition of the limits of the invention, for which reference should be made to the appended 
claims. It should be further understood that the drawings are not necessarily drawn to scale and 
that, unless otherwise indicated, they are merely intended to conceptually illustrate the structures 
and procedures described herein. 



8 



Attorney Docket: 101-27 Express Mail # EV008534482US 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings wherein like reference numeral denote similar components 
throughout the views: 

FIG. 1 is a perspective view of a pre-processed workpiece according to the 
5 invention having a surface deposition of absorber dye along one side thereof; 

FIG. 2A is an enlarged cross-sectional view of the surface deposition, taken along 
the line n-H from FIG. 1; 

FIG. 2B is an enlarged cross-sectional view of an alternate embodiment of the 
q surface deposition, taken along the line H-II from FIG. 1 ; 

ffi FIG. 3 is a graph showing transmission curves of various stages in the pre- 

y processing of the workpiece along with transmission curves following electromagnetic 
y 5 irradiation; and 

|T" FIG. 4 is a multi-part cross-sectional view of the workpiece and mating material 

§*& 

yi illustrating conditions corresponding to each of the curves in FIG. 3. 

B 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Referring now in detail to the drawings, and in particular FIG. 1, there is shown a 
prepared workpiece 10, designed for the express and ultimate purpose of being welded, at any 
future time, to a material made from a compatible polymer. In other words, workpiece 1 0 may 
5 be thought of as a work-in-process, wherein the workpiece has undergone some initial processing 
and may reside in inventory for an extended period of time awaiting further processing. This 
patent application shall cover the design and engineering characteristics of this workpiece which 
u is adapted for bonding to a material via mutual heating of surface layers into their respective 

if" T 

g melting temperature ranges until the parts meld and fuse together. Though not specifically part 

ESS 

if of this patent application, the welding process consists of through transmission radiant energy 

Q welding. Such radiant energy may be provided from a number of sources including lasers 

JL operating in the visible, near infra-red, and infrared spectrums along with infrared lamps and 

[; infrared emitters. While lasers generally have narrower bandwidths than infrared lamps, the 

□ phrase "welding wavelength" as used herein, shall mean one or more wavelengths that the 

i 5 absorber and radiant energy source have in common for delivering thermal welding energy. 

WORKPIECE AND MATING MATERIAL COMPATIBILITY 

Generally workpieces according to the invention are made from thermoplastic materials 
or a small group of thermoset plastics. Also included are textiles made from plastic or plastic 
20 fibers, or other fibers having plastic coatings. The inventive design of the workpiece comprises 
its ability to fuse its surface to a mating surface, effecting several polymer layers in each 
direction adjacent the surface. The main characteristic is that at least the surface of the 
workpiece softens upon heating, rather than decomposing. Similarly, the mating surface should 
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soften upon heating. The workpiece and the mating material that it is adapted to weld to, should 
be mutually miscible polymers and should have melting temperature ranges that overlap. 



WORKPIECE, DYE, AND RELATED CHEMICAL COMPONENTS COMPATIBILITY 

While the absorber dye may be placed onto the workpiece surface in solid form as a tape 
or film, particular utility results from application in liquid form. While the application process is 
not part of this invention, the resulting workpiece should not be limited in any way by the 
mention of a limited number of application processes, as the characteristics imparted from the 
application process can result from a multitude of application processes. For example, liquid 
dispensing or ink jet printing each provide a different aspect of flexibility, cost-effectiveness and 
uniformity for applying dye to a wide variety of surfaces, shapes, workpiece types, intended uses 
and combinations thereof. 

For applications in liquid form, a solvent which substantially dissolves the dye to form an 
ink is required. Engineering requirements include proper viscosity, surface tension and drying 
time for the ink, all of which can effect how well defined the edge of the welding zone is. 
Following evaporation of the solvent, the dye remains on the surface along with additives, 
solvent residues and contaminants. Similarly, for applications in solid form, the dye is disposed 
on the surface along with the other constituents that make up the film or tape. As will be 
discussed in greater detail below, the dye may decompose during welding. Accordingly, it is a 
requirement that the additives, residues, contaminants, other constituents, dyes, decomposition 
products and other by-products of the application process, all be miscible in the surface polymers 
of the workpiece and mating material. It is a further requirement that none of these components 
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interfere with the welding process, for example through heat sinking or mis-matched melting 
temperature(s), or occlude the final weld. 

The dyes are visible light absorbing, near infrared (NIR) absorbing or infrared (IR) 
absorbing dyes having high absorption and large extinction coefficients at the welding 
wavelength. At the same time, the dye should have low absorption and low coloration in regions 
other than the laser wavelength, particularly within the visible spectrum. 

In one embodiment of the invention, one visible light absorbing dye is used with a 
matching visible light transmitting laser. Alternatively, a NIR absorbing dye is used with an NIR 
laser. Other sources of visible, NIR or IR radiant energy may be employed. While lasers operate 
at single wavelengths, IR lamps or IR emitters may operate at multiple wavelengths. 
Combinations of dyes may be used to absorb across a bandwidth that includes these multiple 
wavelengths. In addition, the exothermic energy of one dye may be used to trigger the 
decomposition of a second dye. Whether one or more than one dye is used, the key element is 
the efficient conversion of energy and low occlusion where optical transmission of the weld is an 
issue. 

Referring again to FIGS. 1 and 2 A, workpiece 10 includes a surface 16, representing the 
surface layers of interaction. Workpiece 10 also has a bulk portion 14, which is the bulk of the 
material below surface 16, and represents a non-reactive portion of workpiece 10. Workpiece 10 
is designed and engineered for the exclusive and ultimate purpose of welding to a mating 
material 12. 

An absorber dye 20 is deposited along surface 16. The presence of dye 20 defines a 
welding zone 22. In other words, the welding zone 22 is a region of surface 16 that is weld- 
enabled. At any future time a weld can be obtained along the welding zone 22 by properly 
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placing a compatible polymer 12 into contact with surface 16 and exposing welding zone 22 to 
an amount of laser energy within the range according to the invention. FIG. 2A shows absorber 
dye present on surface 16 in the form of individual molecules, several molecular layers thick. 
The absorber dye is dissolved in an appropriate, compatible solvent and applied to surface 16. 
The solvent may cause the infusion of dye several molecular layers deep into surface 16, 
depending on the aggressiveness of the solvent with respect to the workpiece material. As these 
surface layers melt during welding the infused dye will encounter the melt flow in the joint 
region. Surprisingly, applicants discovered that slight infusion of dye is acceptable as long as the 
melt flow region subsequently reaches those infused dye molecules. However, if the dye infuses 
further into the surface, its heating remote from the melt flow region causes foaming that 
occludes the welded joint. 

In the embodiment of FIG. 2B, infusion is totally avoided as the absorber dye is first 
incorporated into a thin film which is then placed onto surface 16. This embodiment also avoids 
any problems associated with having the dye/solvent solution running along the surface thereby 
diminishing the sharpness of the edge of the welding zone. The edge of the welding zone 
represents the boundary between weld-enabled portions of surface 16 and non weld-enabled 
portions. 

PRE-PROCESSING EXAMPLES 

FIG. 3 shows a series of transmission graphs wherein curve 40 is the transmission 
through a sample mating material 12 laid on top of a sample workpiece 10. Both samples were 
made of polycarbonate. Next a solution containing 1 gram per liter of absorber dye was applied 
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to workpiece 10 forming a welding zone thereon. Curve 50 is the transmission through mating 
material 12 laid on top of workpiece 10 containing the absorber dye. 

FIG. 4 shows the cross-sectional relationship of the panels with mating material 12 on the 
left and workpiece 10 on the right. Section 44 corresponds to curve 40. Section 55 corresponds 
to curve 50, where workpiece 10 is weld-enabled, and represents the lowest transmission values 
in the near infrared (NIR) and infrared (IR). 

POST PROCESSING EXAMPLES 

Referring again to FIG. 3, curve 60 is the transmission through both panel following laser 
irradiation where the panels were not clamped together resulting in no weld. Curve 70 is the 
transmission through both panels following laser irradiation where the welding zone was facing 
out resulting in no weld. Curve 80 is the transmission through both panels following laser 
irradiation with the panels properly oriented and clamped, resulting in a successful weld. 

In FIG. 4, section 66 corresponds to curve 60 and section 77 corresponds to curve 70. 
Note that the absorber dye 20 is partially or completely decomposed, but that no weld occurred. 
The test data indicates that a workpiece improperly clamped to the mating material 66 is 
equivalent to an improper orientation of the workpiece 77. In another test a Cyrolite acrylic was 
prepared for welding to a polyolefin. The workpiece failed to weld to the mating material as the 
melting temperature range of the polymers did not overlap, thereby preventing mutual miscibility 
from occurring. Section 88 corresponds to curve 80, wherein the dye has been decomposed and 
the reflective boundaries between workpiece 10 and mating material 12 have been fused 
together. The elimination of the transmission detracting reflective boundaries, results in the 
highest transmission values for the successfully welded section 88, as shown in curve 80. 
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In FIG. 3, at an exemplary diode laser welding wavelength of 940nm, the transmission 
through both bulk portions and both reflective surfaces is 81.9%, corresponding to curve 40. The 
same measurement after introduction of the formulation is 71.8%, corresponding to curve 50. 
This difference is about 10% lower or about 0.9 times lower. Mis-welds, corresponding to 
curves 60 and 70, have about 78.4 % transmission and a proper weld, corresponding to curve 80 
possesses a 86.6% transmission. 

At the exemplary Nd:YAG laser welding wavelength of 1064nm, the transmission 
through both bulk portions and both reflective surfaces is 81.7%, corresponding to curve 40. The 
same measurement after introduction of the formulation is 69.1%, corresponding to curve 50. 
This difference is about 10% lower, and more specifically 12.6% lower. The difference is about 
0.9 times lower and more specifically 0.8 times lower. Mis-welds, corresponding to curves 60 
and 70, have about 77.5 % transmission and a proper weld, corresponding to curve 80 possesses 
a 86.1% transmission. 

An exemplary VIS wavelength is 550nm which will also serve as an approximation of the 
photopic. All curves 40, 50, 60 and 70 are grouped within 0.3% of 75.3% transmission, 
illustrating the minimal effect of the introduction and decomposition following mis-welds on the 
visible spectrum. The proper weld yields a transmission of 83.4%. This is about 10% higher and 
about 1.1 times higher, for both the absolute measurements at 550nm and for the photopic 
approximation. These percent transmission values are summarized in the following Table 1. 
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TABLE 1 



wavelength 


Curve 40 
Section 44 


Curve 50 
Section 55 


Curve 60 
Section 66 


Curve 70 
Section 77 


Curve 80 
Section 88 


1064nm 


81.7 


69.1 


77.5 


77.5 


86.1 


940nm 


81.9 


71.8 


78.4 


78.4 


86.6 


550nm 


75.3 


75.3 


75.3 


75.3 


83.4 



The use of different polymers, different dyes, different vehicles and different dye 
densities, and different levels of irradiation will have varying results. In optical applications, 
these values are typical Other lasers, including lasers operating in the visible spectrum may also 
be used. 

Another example at 7 times the dye concentration, as measured at the liquid vehicle state, 
is shown in Table 2. The presence of additional dye is confirmed by low values of section 55 at 
the higher wavelengths. All other factors remain the same. After welding, note the excellent 
transmission in section 88 at 550nm, comparable to the same measurement in Table 1, despite 
the presence of dye at the other wavelengths in section 88. Accordingly, this example illustrates 
partial exothermic decomposition with virtually no effect on visible or photopic transmission. At 
this dye concentration, additional capacity exists for use of greater amounts of thermal energy 
during welding, within the parameters according to the invention. 
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TABLE 2 



wavelength 


Section 44 


Section 55 


Section 88 


1064nm 


82.7 


34.0 


75.4 


940nm 


82.9 


36.4 


74.5 


550nm 


77.9 


76.0 


84.0 



In another series of tests, a particular dye was tested at high concentrations by painting 
onto polyurethane for welding to polycarbonate and in another instance painted onto PVC for 
welding to PVC. Laser power and weld speed were varied to adjust the weld energy per surface 
area, but no weld occurred. It is believed that the high concentration of dye and the painting 
technique delivered a surface density which was non-uniform and/or beyond the range specified 
according to the invention. When the same dye was uniformly loaded into a film at the 
concentration specified according to the invention, PMMA plates were readily welded together 
at dye concentrations spanning a 10-fold concentration, at film thicknesses spanning a 3-fold 
range, at laser powers spanning a 2.5-fold range, and at weld speeds spanning a 6.6-fold range. 
In terms of weld energy per surface area the range extended from 0.7 J/mm 2 to 1 1.4 J/mm 2 , more 
than a 16-fold range, i.e. 2.5 times 6.6. 
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Other tests conducted within the parameters according to the invention successfully 
welded the following pairs of materials together: 

Workpiece Mating Material 

5 MDPE Film LDPE coated paper board 

Polypropylene film ABA 
Copolyester PEN 
Copolyester Polypropylene 
O Welding workpieces to mating materials made from the same polymer was more easily 

iB accomplished and includes: polycarbonate, polypropylene, PMMA, HDPE, acetal, TPE, 
if- polyetherimide, PEEK, polystyrene, nylon, and ABS. Since certain nylons have transmissions 
below 50%, and even 10%, it is impractical to measure changes in transmission on a scale of 
[1 10%. Accordingly, the LI times and the 0.9 times transmission changes work well at measuring 
yi| performance within the parameters of the invention, because the predicted behavior still occurs, 
TS even at low transmissions with opaque parts. Successful welding was achieved, for example, 
with lasers operating in the following spectrums: the visible spectrum with Nd: YAG doubled 
532nm, ruby laser 694nm and visible diode lasers 670nm; near infrared with GaAs lasers; and 
infrared with diode lasers at 808nm, 940nm and 980 nm; and the Nd:YAG 1064nm. 

As can be seen, a workpiece prepared according to the design' and engineering parameters 
20 according to the invention provide a high tolerance and latitude for the ultimate welding process. 
Thus a single workpiece prepared according to the invention, can be flexibly utilized with 
different welding lasers at different power levels, and with different mating parts. It may be 
utilized in applications requiring high strength, high confidence of proper weld, and high optical 
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or photopic transmissions values combined with low occlusion. In addition, in preparing the 
workpiece according the invention a wide range of dyes and delivery vehicles may be utilized as 
long as the solubility guidelines are followed. The inherent flexibility of the invention is in 
contrast to the prior art systems which typically dope parts with occluding pigments, have a 
single pigment or dye concentration level or treat the parts as matched pairs of the same material. 

Thus, while there have shown and described and pointed out fundamental novel features of 
the invention as applied to preferred embodiments thereof, it will be understood that various 
omissions and substitutions and changes in the form and details of the methods described and 
devices illustrated, and in their applications, may be made by those skilled in the art without 
departing from the spirit of the invention. For example, it is expressly intended that all 
combinations of those elements and/or method steps which perform substantially the same function 
in substantially the same way to achieve the same results are within the scope of the invention. 
Moreover, it should be recognized that design and engineering criteria, their constituents and/or 
elements and/or method steps shown and/or described in connection with any disclosed form or 
embodiment of the invention may be incorporated in any other disclosed or described or suggested 
form or embodiment as a general matter of design choice. It is the intention, therefore, to be 
limited only as indicated by the scope of the claims appended hereto. 
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